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ABSTRACT 


Studies were undertaken to investigate the migration 
of the water soluble dye amaranth in damp powder beds during 
drying under controlled conditions. Beds of water-soluble 
and water-insoluble powders were used, wetted with purified 
Water. Lactose B.P. and calctum sulfate dihydrate proved 
to be suitable for this type of study. 

A procedure was developed for the quantitative 
determination of amaranth at different depths in the bed 
by using a lathe milling machine, and spectrophotometer. 
Drying conditions under which the study was conducted were 
established first. Measurements of the temperature distri- 
bution, drying rate and moisture distribution were made 
under the same conditions. The measurements of temperature 
and moisture distribution in the powder bed helped in under- 
standing what was occurring in the body during the drying 
process. 

The drying mechanism was visualized as consisting of 
three zones: constant rate period, first falling rate 
period and second falling rate period. There was no clear 
distinction between the first and second falling rate 
periods. The temperature gradient in the bed resulted in 
diffusion of vapor within the bed along the vapor pressure 
gradient. In both systems amaranth migrated to a large 


extent in the early stages of the drying process. 
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An appreciable amount of work has been reported on 
the drying process (1-20). In these previous studies 
attention was drawn to the influence of liquid movement on 
the rate of drying of stationary beds of saturated porous 
materials with one exposed surface. It was shown that the 
changes in the rate of drying with average moisture content, 
and the moisture gradient in the bed at various stages of 
drying, provide information from which the direction and 
extent of liquid movement may be predicted. Generally 
there aré™two' stages in the drying*process.9°%I1n the® first 
Stage the liquid moves to the exposed surface of the bed 
and evaporates. In tne second stage the liquid evaporates 


in situ within the bed and the vapor diffuses to the 


exposed face. If the liquid contains a solid in solution 
the solid will be deposited during drying in the zones 
where evaporation takes place. It follows, therefore, that 
although initially the solute may be uniformly distributed 
throughout the moist bed it will tend to be segregated 
through liquid movement as the bed progressively dries. 
Many examples of this phenomenon occur in practice 
and some have important consequences. For example, the 
preparation of pharmaceutical tablets in large quantities 
using a rotary tableting machine depends on obtaining the 
material to be compressed in a free-flowing form which will 
run easily from the feed hopper into the die. The usual 


method for preparing the feed-stock is to wet-granulate the 
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powder and then to dry the granules. Although this method 
is intended to produce granules of uniform composition, it 
has been established that under certain drying conditions 
the outer layer of the granule will have a composition 
different from that of the core. Thus a tablet produced 
from granules in which the binder is concentrated in the 
outside layer of the granules is liable to have localized 
areas of high cohesion, which resist subsequent disinte- 
gration and dissolution (26). 

Compressed tablets are probably the most widely used 
dosage form for the administration of orally effective 
therapeutic agents. It follows then that migration of the 
potent ingredient in some tablets, especially in the case of 
a solvent-soluble, low dosage drug, is of great importance. 
To this end, specifications have been established to control 


Content eunitormutysot such tabletsw(U Ser... eBeP.). 
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Drying procedures, like other important unit opera- 
tions in pharmacy such as particle size reduction and 
blending of solids, have received relatively little 
attention in the pharmaceutical literature. Within recent 
years, however, a growing interest in these pharmaceutical 


engineering areas has become apparent. 


Ts gulbeony of Drying 


Drying involves both heat and mass transfer opera- 
tions. Heat must be transferred to the material to be 
dried in order to supply the latent heat required for 
vaporization of the moisture. Mass transfer is involved 
in the diffusion of water through the material to the 
evaporating surface, the subsequent evaporation of the water 
from the surface, and diffusion of the resultant vapor into 
the passing air stream. 

The drying process can be more easily understood if 
avcention 1S. focussed oh the film of liguid at the surface 
of the material being dried. The rate of evaporation of 
this film is related to the rate of heat transfer by the 
equation (1) 

dw/d6@ = q/A 
where dw/de@ is the rate of evaporation in pounds of water 
per hour; q is the overall rate of heat transfer to the 
drying surface (Btu per hour); and A is the latent heat of 
vaporization of water (Btu per pound). 


The rate of diffusion of moisture into the air 
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stream is expressed by rate equations similar to those for 


heat transfer (1). 


The rate equation is 
dw/de = K'A(Hs-Hg) 


where dw/d@ is the rate of diffusion expressed as pounds 
of-water per hour. K* 1S the coefficient of mass transrer 
[pounds of water/(hour) (square foot) (absolute humidity 
difference)], A is the area of the evaporating surface in 
Square feet, Hs is the absolute humidity at the evaporating 
surface (pounds of water per pound of dry air), and Hg is 
the absolute humidity in the passing air stream (pounds of 
water per pound of dry air). 

After an initial period of adjustment; the rate of 
evaporation is equal to the rate of diffusion of vapor, 
and the rate of heat transfer can be related to the rate 


of mass transfer: 
dw/d@ = q/d = K'A(Hs-Hg) 


If the overall rate of heat transfer, q, is expressed as 
the sum of the rates of heat transfer by convection, radia- 
tion and conduction, the above equation may be expanded to 


the form 
Cac Feta Gk / 


dw/dé 
= RACHS -Hg) 
where qc, qr and qk are the rates of heat transfer by 
convection, radiation and conduction, respectively. 


The above equation holds as long as there is a ftlm oT 
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moisture on the surface of the material being dried. When 
the surface becomes partially or completely dry, the heat 
and mass transfer equations become more complex. In this 
case, the rate of drying is controlled by the rate of 
diffusion of moisture from the interior of the material, as 
well as the rate of heat conduction to the evaporation zone. 
This diffusion is greatly influenced by the molecular and 
capillary structure of the solid. The process becomes 
further complicated when the drying surface causes a shrink- 
age of the solid. This phenomenon can cause blocking and 
qistortponsot the capillary structure .and thus interfere 
WiLowche stranster sof internal water to the Surtace of the 
material. An example of this is the so-called "case 
hardening" phenomenon in which the surface of the solid 
becomes harder than the interior and less permeable to the 


transmission of interior moisture (1). 


Ze Drying Rate 


One of the earliest works on drying was reported in 
To2) by Lewrs. (2).5 He DOStUlated thatthe drying of a 
solid involved a balance between the evaporation of the 
moisture from the solid surface and the rate of movement 
of the moisture from within the solid to the drying surface. 
Sherwood (3) developed a theory (with experimental 
confirmation) showing three possible distinct stages in the 
drying process. These stages were described as: 


a) a constant rate period; 
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b) a falling rate period during which there was a 
reduction in the size of the wetted surface with 
a proportional reduction in the drying rate; 

c) a second falling rate period during which the 
liquid: evaporated from) the: Surface as fasts it 
could get there by diffusion from the interior 
of the solid. 

It was not until some years later that consideration was 
given to diffusion of vapor from the interior of the solid 
(5). 

Fisher (4) showed that the drying of a surface-dried 
particulate material exhibited a number of distinct drying 
periods. The material dried at a constant rate until a 
“critical point" was reached (this point marked the instant 
when the liquid water on the surface was insufficient to 
maintain a continuous film covering the entire drying area). 
The period subsequent to the critical point was called the 
fadlanglraterperiodse inythe Firsts part® of this period the 
decrease in the drying rate was linear, while in the second 
period the drying rate was non-linear and was usually an 
asymptotic, exponential approach to equilibrium moisture 


content with respect to time. 


Gilliland (5) considered the drying of slabs of 
different materials in which the initial concentration of 
water was uniform and sufficiently high so that the surface 


was completely covered by a water film. He found that the 
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drying rate during the constant rate period depended only 
on the external conditions. He also pointed out that during 
the constant rate period, the rate of evaporation from 
various materials under comparable conditions should be the 
same. The constant rate period was terminated when the 
Surface dried to a point where it could not maintain a 
saturated air film above the bed. At this point the first 
falling rate period began and continued until the surface 
of the bed was completely dry. During the second falling 
rate period, which followed immediately, it was claimed 
that vaporization occurred within the bed, with vapor in 
turn diffusing to the surface. 

Bartlett (6) carried out very precise measurements 
of drying rate. He found that the constant rate period 
was not truly constant, and that the break between the 
constant and falling rate period was not as sharp as was 
often indicated in the literature. He showed that during 
the early part of the drying process the drying rate 
decreased gradually. At the critical moisture content the 
drying rate was usually about five percent less than its 
Value atesatunatian of surfacedy br the fallingsjratesperiod 
there was a more rapid, but smooth, decrease in the drying 
rate. This behavior emphasized that the drying process was 
a unified continuous process even though there might be a 
change in the importance of the various mechanisms which 


transport heat and mass. 
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Adams (7) later studied the drying of Penton®, porous 
carbon blocks and polystyrene spheres. He concluded from 
his experiments that the transition from the constant rate 
period to the falling rate period was not a result of any 
drastic change in the drying process mechanism. It resulted 
instead from a continual decrease in wetted surface area 
and a slight increase in the thickness of the surface layer 
of vaporization, accompanied by an increase in the surface 
temperature in those cases that were initially below the 
wet-bulb temperature. Adams was of the opinion that the 
importance of the critical moisture content was exaggerated 
by investigators. He suggested that there was a gradual 
change in the drying rate from the constant rate period to 
the falling rate period. Adams studied the temperature 
distribution in beds of polystyrene spheres and reported 
that the psuedo-wet-bulb temperature, as defined by Nissan 
et al. (18), was established only when the lower surface 
of the bed was nearly adiabatic and then only after the 


Surface of the bed became dry. 


3. Drying Mechanism 

Sherwood (8) in his study of the drying process, 
proposed a liquid diffusion mechanism for the transfer of 
liquidsfromewithin the solid tovits surface. erHevdescribed 


this mechanism by an equation analogous to the Fourier heat 


4 Chlorinated polyether; Hercules Powder Company, 


Wilmington, Delaware, U.S.A. 
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conduction equation. A further contribution was made by 
Newman (9, 10) who presented solutions to Sherwood's liquid 
diffusion equation for a number of geometrical shapes. 
Later it was pointed out by Sherwood and Comings (11) that 
the mechanism of moisture movement through the solid 
apparently was not one of liquid™uirrucion. Instead, tire 
liquid was thought to move to the surface of the material 
under the influence of capillary forces. They also found 
that Newman's model did predict the drying curve for some 
materials with fair accuracy. Ceaglske and Hougen (12) 
demonstrated that the diffusion equations developed by 
Sherwood and Newman did predict the drying rate of a large 
number of materials such as soap, clay, sand and wood. 
Their moisture distributions were determined by sectioning 
the sample after a fixed drying time and then weighing each 
section before and after removing all of the water in a 
drying oven. They were also able to confirm that in many 
materials liquid moved to the surface by. capillary action 
rather than by diffusion. 

Pearse, Oliver and Newitt (13) explained the 
mechanism of drying on the basis of the shape of the drying 
rate curve. Figure 1 represents typical drying rate curves 
adapted from Sherwood (14) in beds of granular solids 
composed of non-porous particles. It has been shown that 
granular solids in which capillary forces are responsible 


for movement show drying rate curves similar to Curve A. 
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RATE OF DRYING 


MOISTURE CONTENT 


Figure | 


Typical Drying Rate Curves 
in Beds of Granular Solids 


[Adapted from Sherwood (14) ] 
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In such a curve there are three fairly well defined segments: 
DE, EF and FG. These segments are usually distinguished as 
ene@conmstantarate period, the first falling rate period, and 
the second falling rate period, respectively. The transi- 
tion points become less clearly marked as the particle size 
decreases. 

As stated by Pearse et»al:, solids\inewhich moisture 
movement was mainly by vapor diffusion should exhibit 
drying rates corresponding with curves B or C. Solids in 
which the moisture movement was accomplished either by 
capillary action only or modified by vaporization, should 
have drying rate curves similar to curve A or B, according 
to the conditions under which drying took place. 

Pearsevete ale estidvedwihe Torcestarrectijnerine. move= 
ment of liquid in a porous bed. These forces were reported 
tor be gravity, frictions convection andecapidlarity* the 
authors used beds of spherical particles in random packing, 
taking into consideration resistance to flow and suction 
potentials’, in order to determine the importance of these 


] 6 


forces with particles having radii from 10 to 10 ~~ cm. 


The results showed that for systems composed of particles 


] (2 


nether 10" Vtou l0w< ciirange gravwitationed andecapiliary 


forces controlled water movement. For beds containing 


Z “ 


partic les@anhiithe 108 -fto 10rratm wahge capiddaryiforceea lone 


a Westman (15) defined the suction potential acvitne & 
pressure necessary to force gas into the moist solid and 
expel the water from the capillaries. 
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was responsible, while for beds composed of 107° to 107° cm 
particles, capillary and frictional forces controlled the 
water movement. 

Oliver and Newitt (16) continued the work with the 
measurement of suction potentials. They were interested 
innate -dryingof granular solids) with particle: sizes 


ee en item ’ 


cm ton.6.0)x 10, _ cm radius. Theiri data andicated 
that in the case of granular solids composed of non-porous 
particles, moisture movement was governed by the structure 
of the bed. Two categories could be distinguished: beds 
where capillary forces controlled the movement of moisture, 
and beds where the capillary forces were limited by vapori- 
zation within the pores. The authors claimed that there 
was no sharp distinction between these two categories. 
Subsequently a third category was defined, in which the 
structure of the bed was such that, under one set of 
conditions, capillary force was the controlling factor, 
while under another set of conditions, the vaporization 
exerted the major influence in the movement of moisture. 
Corben and Newitt (17) studied the mechanisms of 
moisture movement in porous granular beds. They considered 
a bed with both the internal pores and the external voids 
initially saturated with water. They reported that as 
drying commences and the surface water retreats into the 
surface voids and pores, a suction potential will build up 


in the liquid within the bed and, after a relatively small 
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moisture loss, the entry suction potential of the largest 
Surface voids would be reached. Air will enter, and the 
displaced water will be transferred to the smaller surface 
voids and pores. Successively finer voids will open as the 
Suction potential progressively increases with further 
drying. The size of voids opening at any depth will be 
dependent upon the effective suction potential at that level 
as determined by the surface suction potential modified by 
gravitational and frictional forces. 

The difference between drying rate curves of porous 
granular material and the corresponding beds of non-porous 
granular material was considered to be the capillary action 
of the internal pores of the porous granules in conveying 
water to the surface, 

Corben and Newitt felt that this factor was suffi- 
cient to account for the higher rate of drying observed for 
the porous materials during the constant rate period. They 
showed that after the first falling rate period there was 
a very rapid reduction in the drying rate, followed by a 
prolonged second period in which the drying rate fell very 
Slowly. Throughout the different stages of drying there 
were certain differences observed in the moisture distri- 
bution between porous and non-porous materials. These 
differences were attributed to the greater moisture capacity 
of the porous materials. 


Nissan et al. (18,19,20), using a wind tunnel 
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designed with continuous air recirculation, studied the 
mechanism of drying during the falling rate period in three 
different systems. These systems were wool, polyester fiber 
and sand, respectively. They made measurements of tempera- 
ture distribution in these materials and found that after 
the first falling rate period had been reached, almost the 
whole bed was at the same temperature. When such structures 
were drying, the rate of evaporation fell off because heat 
and water vapor were required to pass through an increasing 
layer of dry material left by a receding water surface. 
While this was occurring, a new temperature equilibrium was 
established within the wet portion. This temperature was 
called the "pseudo-wet-bulb" temperature. 

Nissan, Kaye and Bell (20) developed equations to 
predict this temperature and the rate of approach to the 
pseudo-wet-bulb temperature. These equations were based on 
the assumption that after the drying had proceeded into the 
falling rate period the vaporization occurred at a liquid 
surface well within the material. 

Ridgway and Callow (21) studied the drying mechanism 
of an inert, insoluble powder (heavy magnesium carbonate) 
wetted with different granulating liquids. They showed 
that there was a linear relationship between the logarithm 
of the drying rate and the liquid content of the bed over 
the whole of the falling rate period. They concluded that 


the operative mechanism in the system that they examined 
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was the one originally put forward by Filliland (5) and 


developed later by Nissan, George and Bolles (19). 


4. Drying of Pharmaceutical Materials 

Cooper et al. (22) discussed the application of the 
drying theories to the drying of tablet granulations. The 
granulations are complex systems consisting of many ingre- 
dients bonded together by the granulation process. They 
concluded that the nature of the internal mechanism 


controlling drying of these materials was similar to that 


of single-component systems. 


eo be Migration 


Van Krevelen and Hoftijzer (23) dried a single 
granule of "Nitrochalk"® and found that, during the constant 
rate period, an almost water-impermeable crystalline film 
was formed around the granule from the dissolved ammonium 
Ngtrate. “ASwa Vesult of thisstilmerormation. the rate oT 
drying was reduced. 

Newitt and Papadopoulos (24) later dried granules of 
mixed fertilizers and concluded that the mechanicam strength 
of the final product depended to a large extent upon the 
location of the material deposited during drying. 

Newitt, NaNagara and Papadopoulos (25) subsequently 


4 A mixed fertilizer produced by Imperial Chemical 


Industries’, Cheshire, Engiand. The composition tse 
given as 48% of calcium carbonate mixed with ammonium 
nitrate to give 15 1/2% available nitrogen on analysis. 
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Studied the drying of three different grades of sand 
containing aqueous sodium chloride solution. They found 
that the solute moved toward the outside of the particles 
and formed a crust, but they made no quantitative analysis 
of the resultant distribution. This phenomenon was attri- 
buted to the liquid movement in the initial stages of drying. 
Higuchi and Kuramoto (26) showed that polyvinyl- 
pyrrolidone (PVP), which is used as a binder in the prepa- 
ration of tablet granulations, was able to form complexes 
with many of the pharmaceutical substances involved. The 
authors reported that it might be possible that the non- 
uniformity of distribution of at least some drugs in 
granules may parallel the non-uniform distribution of PVP. 
Ridgway and Rubinstein (27) studied the radial 
migration of PVP in spherical granules of magnesium carbo- 
nate produced with PVP as the granulating agent. The 
granules were dried in a drying tunnel and the rate of 
moisture loss was recorded continuously. They showed that 
after drying the granules for half an hour, the concentra- 
tion of PVP in the surface layer rose well above the initial 
uniform concentration. On the other hand, the concentration 
in the core declined to below the initial concentration, as 
shown in Figure 2. By the end of the second falling rate 
period, the core concentration of PVP was Found? to increase 
slightly, with a concomittant decrease in the concentration 


of PVP at the surface in the same period. 
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Figure 2 


The Variation of PVP Content with Granule Moisture Content 
[Adapted from Ridgway and Rubinstein (27) ] 
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In order to explain these results they postulated 
that this change in core concentration occurred due to the 
"back diffusion" of PVP from the point of the high concen- 
tration in the outer surface of the granule to a point of 
lower PVP concentration in the core. At the final falling 
rate period of drying the sudden rise in the concentration 
of PVP in the core was attributed to the receding evapora- 
tive interface. With this loss of moisture, the concen- 
tration of PVP at the surface remained constant. 

More recently Chaudry and King (28) studied the 
migration of warfarin sodium during the drying of a wet 
granulation. While the water soluble drug was initially 
uniformly distributed, the migration of the drug with the 
solvent during the drying process resulted in an uneven 
distribution of the medicament in the granulation. 

Using thin-layer chromatography, the authors 
examined the effects of certain tablet additives with a 
view to inhibiting the migration of sodium warfarin. 

They found that migration of the drug was reduced to a 
large extent within the granulation by the addition of 
calcium phosphate, and the content uniformity of the 
compressed tablets, when assayed individually, was found 
to be much improved. 

In his work on the migration of dissolved and 
dispersed substances, Junginger (29,30) indicated that the 


main parameters affecting the migration of dissolved or 
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dispersed substances in drying porous materials were the 
drying rate, surface tension and viscosity of the impreg- 
nant. Migration was at a maximum at a drying rate of about 
ten kilograms per square meter per hour in the system 
Studied. This was a seven layer cloth impregnated with 
sodium chloride in a methyl alcohol-water system. The 
movement of moisture followed laws similar to those for 
diffusion and a method was developed for calculating the 
Final distribution of the impregnant from the moisture 
distribution during drying. 

From this summary of the literature it was clear 
that the drying process continues to be a subject of 
interest. This fact alone indicated that the mechanism of 
moisture movement in powder beds was still not fully under- 
stood. Accordingly, it was felt that there was a need for 
more experimental work on selected pharmaceutical powder 
systems. 

Further study could also be given to the problem of 
migration of potent drugs during the drying of moist 
granules. An improved understanding of this phenomenon 
would aid in ensuring greater uniformity of drug content 
in certain pharmaceutical preparations. In particular, such 
information would be of value to the pharmaceutical industry 


in the formulation of improved compressed tablets. 
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Objectives of the Present investigation 


The first objective of this investigation was to 
set up controlled conditions of temperature and air 
velocity for the drying of damp powder beds, and to 
measure the physical properties of these beds during 
drying. 

The second objective was to examine quantitatively 
the migration of a water-soluble solute in these beds. 
Amaranth was selected as a suitable solute for this purpose. 
A comparison of the migration pattern of amaranth in beds 
of lactose (water-soluble) with that occurring in beds of 


calcium sulfate (water-insoluble) was included in the study. 
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ue Des onip tion, oF Apparatus and List of Materials Used 


In order to obtain the necessary data, the study 
required a tunnel designed to provide air at a constant 
temperature and velocity, flowing parallel to the exposed 
upper surface of the bed to be dried. It also required 
equipment to measure the drying rate, temperature distri- 
bution, relative humidity and solute migration. As shown 
in Figure 3, the main structure of the tunnel was made of 
asbestos board fastened to a welded steel frame. Satis- 
factory air flow was achieved through use of a suitable 
motor driven fan®. 

The air velocity was controlled by using a variable 
transformer’, which was connected in series to the fan. 
Baffle plates were placed at the entrance to the tunnel. 
Other plates within the calming section and the inclined 
base immediately up-stream of the powder bed were included 
in order to reduce fluctuations in. he air velocity and 
to give a uniform air flow free of turbulence in the test 
Séculon. 

The air was heated by nichrome heating coils mounted 
in the tunnel immediately after the straightening section. 


Air temperature was controlled by adjusting the voltage 


a 


@ pamotor model 7500. 115V. 60 Hz. Pamotor Inc., 
San Francisco 


b staco Inc. Model No. 2pfl010+ Dayton, Ohio 
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applied to the nichrome coils with a suitable powerstat®. 

For convenience a window was installed in the test 
section to allow the powder bed to be observed during 
drying. An analytical balance? was placed above the test 
section and modified to allow attachment of the sample 
container. This arrangement allowed moisture loss to be 
determined directly at selected intervals without removal 
of the sample from the chamber. 

The sample was placed in a polystyrene cup © of low 
thermal conductivity. Dimensions of the cup were 5.5 cm 
for the diameter with the height adjusted to 2.5 cm. 

The polystyrene cups used as sample containers were 
placed in the sample bay of the tunnel with care being 
taken to place the top of the cup flush with the tunnel 
floor in order to reduce air flow disturbances from the air 
passing from the tunnel floor over the bed surface. 

The air temperature in the tunnel was measured using 
calibrated iron-constantan 36 gauge thermocouples®. 

One thermocouple was placed in the calming section 


and another in the test section just before the powder bed. 


@ The Superior Electric Co., Bristol, Conn., U.S.A. 
Mettler H-20 analytical balance, Model No. 246. 
C Polymaid cups 67-243 P.C.I., Canada. 


Thermo Electric, Brampton, Ontario. 
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Lactose, pepcet calcium phosphate monobasic’, 
calcium sulfate dihydrate? and kaolin? were the materials 
used in this investigation. However, on the basis of 
preliminary examination of each material, lactose and 
calcium sulfate dihydrate were considered to be most 


Suitable for the purpose of this study. 


2. Procedure 


A= Calabration.or Thermocouples 


A calibration curve of the thermocouples was prepared 
DYL USING ane anvegrating, digital voltmeter’. The precise 
evaluation of electromotive force (emf)-temperature relation- 
Ship of a thermocouple was accomplished by determining its 
emf output at each of a series of measured temperatures 
using a standard thermometer’. A water bath was used in the 
calibration procedure. Temperature readings were obtained 
to a maximum of 70°C, with the reference junction being 
placed in a vacuum flask containing a well-stirred ice- 


water mixture. 


@ The British Drug Houses, Toronto, Canada 

Fisher Scientific, New Jersey, U.S.A. 

© Isotronics Techno-products Ltd., Model No. 350, 
Ontario, Canada 

d 


Range of degrees: -10°C to 200°C, hs Uddval Seaniss 
Fisher Scientific, New Jersey, U.S.A. 
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B. Effect of. Conduction of Heat along the Wire 
to the Junction 


A lactose bed containing 35% moisture was prepared 
by mixing the appropriate amount of lactose and distilled 
water. The slurry was then poured into a sample container 
modified by the application of an epoxy? coating to the 
external wall. This coating was employed as an effective 
vapor barrier. The container was then covered with aluminum 
foil to prevent evaporation from the surface. 

The bed was surrounded by a thick layer of glass 
wool? for further insulation. The bed was left at room 
temperature and its temperature was measured using two 
thermocouples. 

The experiment was designed so that the lead from the 
first thermocouple was left at room temperature while the 
lead from the second thermocouple was placed in the drying 
tunnel Maintained at 56.2°C. “As before; the reference 
junction was placed in a well-stirred ice-water mixture. 

It was considered that any conduction of heat through the 
thermocouple lead kept in the heated tunnel would give 

higher bed temperature readings compared to readings given 
by that left at ambient temperature. Readings of the bed 


temperatures were taken every 30 minutes for two hours. 


Epoxy resin, Lepages Ltd., Winnipeg, Canada 
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The procedure was then repeated using an unmoistened 


bed of lactose. 


C. Determination of the Humidity of the Air 


Air humidity was determined for the most part with 
the aid of a sling psychrometer®. However, a temperature- 
humidity recorder? was later obtained. By using this 
instrument it was possible to monitor both room temperature 


and humidity over a period of 24 hours. 


D. Determination of the Mean Air Velocity Through 
the Tunnel at Room Temperature 


As outlined by Perry (31) the mean velocity through a 
rectangular duct could be determined by dividing the cross- 
Section anto unitorm squares. he yelocityeat-tne center 
of each square was recorded and an average value obtained 
for the whole duct. For accurate measurements, use was 
made of a pitot tube° connected to a micromanometer®, To 
calculate the air velocity the micromanometer readings 
were converted to mm of water by referring to a graph 


supplied with the instrument, taking into consideration 


the 1:25 slope of the manometer. 


Taylor Instrument Companies, Rochester, NEY pate hoes 


Brown Recorder, Brown Instrument Division, Philadelphia, 
USS— ae 


© Prandtl type, James W. Stevenson and Co. Ltd., Ontario, 
Canada 


James W. Stevenson and Co. Ltd., Ontario, Canada 
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The air velocity at each point was then calculated 
using the following formula, which was derived from the 


Bernoulli equation (32): 


2qnn 
v= : 
ie) 
where v = air velocity in m/sec 
diaees gravitational constant = 9.8] —Ko-n 
kg p° sec 
h = dynamic pressure in Kg force = mm of water 


m 


o = density of the air: in kg 
m 


The density of the air used was the density of the moist 
air at room temperature and local barometric pressure of 
LUC mm tg (33). 

The arithmetic mean and the standard deviation of 
the air velocity through the tunnel were determined from 
the 24 readings. The velocity was calibrated against the 
dial setting on the variable transformer. The air velocity 
was measured in each drying run at the same selected point, 
and) its. value was Kept constant.) This ,was,done so thar the 
air velocities at the other 23 points would be as close.as 


possible to their original values, 


E. Determination of the Permeability of the 
Powder Bed Container to Water Vapor 


Two polystyrene cups were cut to 3.4 cm in height 


and packed with a lactose slurry containing Jon MOS ture. 
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To prevent surface evaporation during heating the cups were 
covered with aluminum foil and sealed with epoxy resin, 

The beds were then heated in an oven at 55°C, and loss in 
weight after 24 hours was determined. 

The experiment was repeated using bed containers 
completely coated with epoxy resin. The loss in weight 
again was determined after 24 hours' exposure to this 
temperature. A control was’ used consisting of an empty 


coated and sealed container heated in the same manner. 


F. Selection of Powders for Study 


In selecting powder materials for this study emphasis 
was placed on ease of handling and suitable physical charac- 
teristics. On this basis, lactose was found to be satis- 
factory as an example of a water-soluble powder. 

Selection of a water-insoluble powder proved to be 
more difficult and involved the examination of kaolin, 
calcium phosphate and calcium sulfate dihydrate. Kaolin 
was considered to be unsatisfactory because the powder was 
very light. As a result, excessive loss in handling was 
encountered, making it very difficult to withdraw samples 
accurately. The calcium phosphate powder used in the study 
proved to have a very slow loss of moisture on drying. AGT 
this reason the system was considered to be unsuitable. 


On the other hand, calcium sulfate dihydrate proved to be 
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relatively free of such disadvantages and was accordingly 


chosen for further study. 


G. Determination of the Equilibrium Moisture Content (EMC) 


of the.two Systems, Lactose and Calcium Sulfate 


The procedure for the determination of loss on drying 
(LOD) was used to calculate the EMC of lactose and calcium 
sulfate, WU.S.P. specifications for LOD (34,35) were used to 
dry the samples. 

Approximately 2 g of lactose and of calcium sulfate, 
accurately weighed, were dried to a constant weight at 120°C 
and 105°C, respectively. The EMC was then calculated by 
determining the amount of moisture in the sample on a dry 


basis (36). 


He Preparation o1 Bed Materials 


For the determination of drying rate and temperature 
distribution, powder beds of lactose and calcium sulfate 
were prepared by thoroughly mixing 45 gm of the powder with 
8 ml of distilled water in a wedgwood mortar. The damp 
mass was then transferred to the polystyrene cups with the 
help of a metal spatula to produce a uniform packed bed. 
Distilled water was used as the wetting agent in this 
experiment since it is frequently employed in wet granula- 


tion procedures. 
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Tne percentage of water in the damp mass? was chosen 
to correspond to that required to prepare granules of the 
material. The time interval between preparation of the 
powder bed and subsequent installation in the tunnel was 


less than four minutes in each case. 


I. Measurement of Temperature Distribution 


The temperature distributions in damp ° powder beds 
Of both lactose and calcium sulfate were determined. For 
this purpose iron-constantan thermocouples of 36 gauge wire 
were employed. One thermocouple was placed at the surface 
of the powder bed while others were located at depths of 
1 cm, 2'cm, and finally at the®bottom-of—the-bed~ CAt/ each 
of these levels three thermocouples were placed in the bed, 
one at the center and one glued to the interior of each 
wall. Figure 4 illustrates the location of the thermocouples 
in the bed container. 

The thermocouples glued to the interior of the wall 
were placed in their locations in half of the runs from the 
top of the bed, and in the other half from the bottom of the 
bed to ensure that heat was not carried through them to the 


sides of the bed. 


J. Measurements of Drying Rate 


For the determination of drying rates the prepared 


Final percent moisture in lactose (dry basis) 5 23.79%. 
Final percent moisture in calcium sulfate (dry basis), 
40.0%. 
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Figure 4 


Location of the Thermocouples in the Powder Bed 
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beds were placed in the sample container. The assembly was 
hung by thin wires from the pan of a Mettler H-20 analytical 
balance. Weight measurements were taken every 15 minutes 
for eight hours, after which the beds were heated in an oven 
at 105" €sloua. coustant. weidnt. 

The data obtained were plotted as a percent of 
moisture content (dry basis) versus time. The drying rate 
was determined by taking the difference in moisture content 
between any two measurements divided by the time period 
between measurements representing the rate of drying for 
that time period. These values were plotted against the 
midpoint of the time periods concerned in order to obtain 
a drying rate-time curve. Similarly, the same values were 
plotted against the midpoint of the moisture content values 


for a drying rate-moisture content curve (37). 


K. Solute Migration Determination 
i. Apparatus 


The apparatus for determining the concentration of 
the migrated dye through the powder bed consisted of three 
units. 

a. An Sr e600 user nes, oI 1) spectrophotometer® which was 
designed to carry out single beam absorptiometric 


measurements within the wavelength range 340-1000 nm. 
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b. An automatic sample changer® which was designed as an 
accessory for the SP 600. The changer held Up; 70) -5.0 
Samples and transferred them one at a time into the 
sample cell of the spectrophotometer. 

After a sample was read it was drained from the 
holder by suction and replaced automatically by the 
next sample. This operation was repeated until the 
last sample had been measured. 

G. Arrecorder. A suitable strip chart recorder? was 


employed for readout purposes. 


TiS leProcedure 

The method employed in this investigation was to 
prepare beds of lactose and calcium sulfate dampened with 
known amounts of an aqueous amaranth’ solution, and to 
subject the beds to drying under a current of air at 
constant temperature and velocity. The drying could be 
stopped at any point and the solute migration and moisture 
distribution could be determined by analysis of samples 
taken from various levels in the bed. 

Damp beds of lactose and of calcium sulfate were 


prepared by moistening 45 g of the powder in question with 


i Pye Unicam Ltd., York Street, Cambridge, England 


P Varicord Model 43, Photovolt Corp. New York City, U.S.A. 


© The British Drug Houses, Toronto, Canada 
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eight ml of 0.088% aqueous amaranth solution. Each system 
was triturated quickly in a mortar to produce a uniformly 
wetted mass. The mixture was then transferred to the bed 
container and exposed to standardized drying conditions. 
The drying process was stopped at different times, 
and six samples from the bed were taken each time by using 
a lathe-milling machine®, Milling was done by using a two 


fluted, 0.5 inch diameter milling head. 


a. Method of Sampling 

A suitable jig was prepared to allow accurate 
centering of the container on the milling machine table 
in each determination. 

This arrangement made it possible to obtain subse- 
quent samples from the same area of the bed involved. In 
Sampling a bed, six fractions were removed from the same 
hole, each succeeding fraction representing a deeper 
penetration into the hole. 

Accurate control of fraction depths was made possible 
through the use of a micrometer attachment. By adjusting 
this device it was possible to manually guide the milling 
head to a predetermined depth. Table I shows the esta- 
blished levels in the powder beds from which each sample 


fraction was taken. 
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Table I 


Established Levels in the Powder Bed for Sampling 


Distance from the Distance from the 
Surface 1h <cm Surface in percent 
Oreo e/ 7.14 
esa 5 14.28 
0.6350 (agen Oy 
12700 SowtG 
1.9050 Cored 
Zncee0 100.00 


The moisture content of each sample was determined 
gravimetrically. A 150 mg portion was then weighed out 
from each sample and dissolved in 10 ml of distilled water. 
In dealing with the insoluble calcium sulfate, the colored 
solutions were centrifuged to obtain a clear supernatant. 
The concentration of amaranth in these samples was then 
determined by measuring the percent transmittance at 


See..0 AM. 


b. Determination of Calibration Curve for Amaranth Solution 
A solution of 0.009 g of amaranth in 100 ml distilled 

water was prepared from a stock solution containing 0.9 g 

of amaranth. Of this 20 ml was diluted to 100 ml with more 

distilled water to form a stock solution. 


Ten dilutions of 10 ml each were then prepared as 


Shown in) Tabphe 11. 
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Table II 


Preparation of Amaranth Solutions for Calibration Curve 


Concentration of Amaranth 


Stock Solution Used Inethe |Final Solution 
in ml in Percent 
ie ee eae 
2 Wes Cane 
3 (abe aes 
4 O.72 % lo 
5 O90 x 107° 
6 ie0e x 1G 
7 ze eae 
8 eee eon 
9 Paces cole 
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The percent transmittance was measured using the 
SP 600 spectrophotometer and the recorder readout. From 
these readings the absorbance for each solution was then 
calculated. A curve was prepared of the concentration of 
the dye versus the absorbance. This curve was used to 


determine the concentration of the dye samples. 


c. Stability of Amaranth Solution 


Two grams of lactose and of calcium sulfate were 
mixed with amaranth 0.088% solution as described previously. 
These powders, as well as a sample of 0.088% amaranth 
solution, were heated for 60 hours in an oven set at 55°C. 
An unheated sample of this amaranth solution was employed 
as a control. 

After the heating period, the powders were dispersed 
in 100 ml of distilled water. In dealing with the insoluble 
calcium sulfate, the colored solutions were centrifuged to 
obtain a clear supernatant. One ml of each solution was 
then diluted to 10 mi with distilled water, and the concen- 
tration of each solution was then determined. 

d. Determination of the Effect of Lactose 
on Absorbance of Amarant 

The effect of lactose on the absorbance of amaranth 
was tested by the addition of lactose to a known concentra- 
tion of amaranth. The concentration of lactose was chosen 
to correspond approximately to that which would be present 


in the final solution used for determining amaranth 
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concentration in the bed samples. Accordingly two solutions 
of 0.0013% amaranth were prepared in distilled water and in 
1% lactose solution, respectively. The absorbance of these 
solutions was then measured at a wavelength of 522.5 nm. 
Data obtained were treated statistically to determine the 
Significance. 

Preliminary determinations were done to establish 
the wavelength at which maximum absorption occurred. This 
was achieved by using a known concentration solution of 
amaranth and recording the absorbance at various wave 


lengths. 
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1. Calibration Curve of Thermocouples 


Each thermocouple was calibrated individually. The 
emf-temperature relation of the iron-constantan thermo- 
couple used in this work Ts eshown in Table [1i...The plot 
of the mean emf against temperature gave a linear curve in 


the 0°C - 70°C range as shown in Figure 5. 


ene Etfect of Conduction of Heat along the Wire 
to the Junction 


The temperature readings of an insulated bed of 
moistened lactose are shown in Table IV. Analysis of 
variance of the data showed no significant difference 
(at the 5% level) in the thermocouple readings due to 
the difference in procedures used. 

To investigate the possible effect of water acting 
as a heat conductor, the test was repeated using an 
unmoistened bed of lactose. The results are shown in 
Table V. Analysis of variance of the data showed no 
significant difference (at the 5% level) between the 


thermocouple leads. 


3. Measurement of Air Humidity 

Calculation of the relative humidity was necessary 
for the part of the work where a Sling psychrometer was used 
since the barometric pressure was lower than 760 mm Hg. 
Corrections were applied to the values of absolute humidity 


determined from the wet-bulb and dry-bulb temperature 
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Table III 


EMF-Temperature Relation of Iron-Constantan Thermocouples 


Temperature Emt in Mil davorlt 


C2'G3) Rie * Ppupeibenaneniac Mean 

0 0.002 0.002 Ge0G2 OF 002 

5 Oeeo8 Oe 255 0.253 O23 
10 0.501 Or 502 0.500 0.501 
kG O7 52 Digs. 3 One/i5:1 On a2 
20 1029 1,028 17030 1.029 
25 V2 74 VRATS T2753 124 
30 1.542 1.543 1.541 1.542 
35 Va? 96 A794) 2 ak 95 1.795 
40 20065 2.067 2.066 2.066 
45 203 19 fae oe aS Peo Ces O00 
50 210980 Ce Bao 2208 | 
55 2.840 2. Ogu 2.039 awe he) 
60 rad bl el S'S once See 
65 SOs oO Spoor Ss c02 
70 Boy 44 3.624 Fer ae! 3.023 

a,b,c 
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Figure 5 


Calibration Curve for Iron-Constantan Thermocouples 
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Table IV 


Temperature Readings as a Function of Time 
Obtained with Moistened® Lactose Bed 


Thermocouple No. 1° Thermocouple No. Ze 
Theo Temperature (°C) Temperature (°C) 


(Min) Run I Run II Mean Run I Run II Mean 


0 26.80 e7700 S267 90 26.80 27/300 © 26790 
30 27700 212 OU S27 7230 27290 27700 S27490 
60 27710 212600) P27 es 5 27210 27465 AZ TeSe 
90 ATP iUH8) 27705 Sa ee3 27:10 21465 ©272398 

115 2/700 2O7C0 27 e600 2/300 20420 82/265 
145 (ag hac ONO 20,20 Bushs 27.00 28540 =27270 
165 27.00 Com OU mee ers 27°10 20.00 27% 60 
190 (AT AOS poe00 Sees ral et ae 29500 @28205 


Moisture content 35.1% (dry basis) 


The lead of thermocouple No. 1 was left at 
ambient temperature 28°C 


The lead of thermocouple No. 2 was placed 
un renee tuinine)| Pda toes. 
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Temperature Readings as a Function of Time 
Obtained with Unmoistened Lactose Bed 


Table V 


Thermocouple No. 


Time 
(Min) Run I 
0 Zia O10 
30 27 260 
60 ZO 0) 
90 28.60 
eS 28.65 
145 28.165 
165 29.20 
190 29525 
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ambient temperature 28°C 


im cre tunnel at. 56.2 C 
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readings. The method of calculation used has been described 
by Perry (31). The absolute humidity values were corrected 
to the required barometric pressure. To do so the following 


expressions were defined. 


t = dry-bulb temperature (°F); 

Vee Wet bulb Lemperacure: (°F). 

P = barometric pressure in inches of mercury; 

AP = pressure difference from standard barometric 
pressure in inches of mercury; 

H = moisture content of air in grains/lb dry air; 

He = moisture content of air saturated at the 
wet-bulb temperature a in gra@ins/.) Db dry ain; 

He =3MO1StUre iconbent correction of amr wien 


barometric pressure differs from standard 
barometer, in grains/1b dry air; 

AH . = moisture content correction of air saturated 
at the wet-bulb temperature when barometric 
pressure differs from standard barometer, 


ite orains/ iO dry a1 


The AH values were obtained by reducing AH. ° value by one 
percent when t - ty = 24°F, When the difference between 
the dry-bulb and the wet-bulb temperature was other than 


24°F, the AH . value was corrected proportionally, and AH 


i AH. value taken from Table 132 at tie and AP, 


page 15-8, Reference 3) 
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values were calculated as follows: 


ee boty 
Fig at. | ene aqcoe ale Ol 


To obtain the absolute humidity value at corrected pressure 


(HO), the following expression was used: 


Ho eet ae 


The value of H was obtained from a standard chart?. 
Similarly, relative humidity values were determined 
from the partial pressure of water in the mixture and from 
the vapor pressure of water vapor. The partial pressure 
of water was calculated assuming ideal gas behavior as 
aes @ 


P = (Mw/Ma) + if 


where p = partial pressure of water vapor in inches 

of mercury; 

Fe = total pressure of water vapor in inches 
of mercury; 

H «= absolute -+humidity.in pounds per pound dry sair 
corrected .to the actual spressune. 

Ma = "molecular weight" of air (1b/1b mole) 

Mw = “molecular weight" of water vapor (1b/1b mole) 


The relative humidity (RH) was obtained by dividing the 
calculated partial pressure by the vapor pressure of water 


uz  Oorre—ser 


4 Page 15-13, Reference 31 
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at the dry-bulb temperature. 


Relative humidity (RH) = 100p 
S 


4, Determination of Mean Air Velocity Through 
the Drying Tunnel at Room Temperature 


The micromanometer readings in mm of water obtained 
in determining the air velocity through the tunnel are 
Shown in Table VI. 

The average of the three determinations was then 
plotted to show the locations of these readings in the 
cross-sectional area of the tunnel (Figure 6). 

The air velocity was then calculated from the 


following formula: 


The; mean velocity was 3.4 m/sec (om kl.2 ft/seq)s. 
In preliminary velocity determinations, the readings in 
the central part of the tunnel were higher than those 
found at athe sides of the cunnela gA more junigform distra- 
bution of air was then obtained by inserting a shaped 
baffle into the air stream between the fan and the tunnel. 
The air velocity for each run was determined at a selected 
point in the center of the tunnel which represented one of 
the 24 squares. The air velocity at this point was kept 
constant at its original value by adjusting the variable 


transformer. 
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Table VI 


Micromanometer Readings in mm of Water 
Through the Cross-sectional Area of the Tunnel 


Rocarions Por Micromanometer Readings in mm of Water 


Readings Run I Run I] Run III Mean 
] 0.60 0.64 0.62 0 462 
2 0.68 O70 0.66 0.68 
3 0.60 0s62 0.64 0.62 
4 Ohaasits: 0.59 0F63 0.60 
5 0558 0459 OF57 0.58 
6 Oe58 0.58 0.58 O56 
/ 0267 0.69 0.68 0.68 
8 0.69 OF70 0.68 0.69 
) 07 0 0.70 02:70 O70 

10 0.69 0.69 0.69 0.69 
a CON kis 0.69 0.69 0.70 
ali 0.68 0.66 0.64 0.66 
13 0.64 0. 62 0.66 0.64 
14 Gx 70 0.68 OF 69 0.69 
ties 07.0 OR 72 0.68 0.70 
16 0.70 0.68 0.69 O09 
(a7: 0.74 0.74 0.74 0.74 
18 0.69 0.69 0.69 0.69 
19 0.60 0.60 0.60 0.60 
20 0.62 G. 62 0.63 OS 62 
zl O60 0.60 O60 0.60 
Le 0.60 0.60 0.60 0.60 
roe 0.68 0.69 0.67 0.68 
24 0.62 0.63 0.61 0762 
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5. Determination of the Permeability of the 


Bed Container to Water Vapor 
Lactose slurries containing 33% moisture were placed 
in sealed uncoated containers and in sealed containers 
coated with epoxy resin. Each sample was heated in an oven 
for 24 hours at a temperature of 55°C. The control consis- 


ted of an empty uncoated cup. The weight losses are shown 


in Table VII. 


Table VII 


Weight Losses in Percent of Sealed Lactose Beds? 
on Healing at.oo Cl for 24 ours 


Control Sealed Uncoated Sealed Epoxy Resin 


Sample Loss Bed Containers Coated Containers 
] 02125 8.200 Oa92i 
2 Oel25 82192 04950 
3 Oe ]alis 8.293 17051 

a 


Moisture content 33% (dry basis) 


From a study of the values presented in the above 
table it was clear that the use of an epoxy resin coating 


for the cup was responsible for the great reduction in 
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weight loss obtained. Reference to published thermal 
conductivity values for both polystyrene and epoxy resin 
indicated that the resin could have no effect on the 
insulating effect of the container®. The results 
Suggest that the resin operated by rendering the poly- 
styrene cup less permeable to water vapor from the 


lactose slurry. 


6. Equilibrium Moisture Content and Final Moisture 
Content of Lactose and Calcium Sulfate 


The equilibrium moisture content (EMC) in lactose 
and calcium sulfate dihydrate as determined by the U.S.P. 
loss on drying method (34,35) and calculated on dry basis 
(36) are shown in Table VIII. The anhydrous form of both 
lactose and calcium sulfate was obtained as a result of 
drying. The final moisture content in lactose and calcium 
sulfate beds after mixing eight ml of distilled water with 


45 gm of the powder is also shown in Table VIII. 


Thermal conductivity of polystyrene is equal to 
0.058 - 0.09 Btu/hr ft F° ft (31), pages 23 - 55; 
that. Of epoxy resin 1s equal to 0.10 = "U5c0 Bry ar 
ft? F° Ft (31), pages 23 - 54. 
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Material 


Lactose 
Birs 


Calcium 
Sulfate 
Dihydrate 


Table VIII 


The Equilibrium Moisture Content 


and the Final Moisture Content 


Equilibrium Moisture Content (%) 


Run I Run II Run Pil Mean 
Sala SL, Ways 5ni0] Sava 
18.69 18.99 18.99 18.89 
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in Beds of Lactose and Calcium Sulfate 


Percent 
Final Moisture 
Content 
(dry basis) 
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7. Temperature Distribution 


The results of temperature distribution in moistened 
beds of lactose and calcium sulfate are shown in Tables 
IX - XIV. At least four determinations were made for each 
System. Figures 7 - 12 show the temperature distribution 
in these beds using data obtained from thermocouples located 
as shown in Figure 4. 

A study of the temperature distribution through a 
moistened bed of lactose with one side insulated showed 
that during the first 30 minutes heat was transferred 
through the uninsulated wall from outside to inside. The 
temperature in the sample well was 44°C during the run. 

It would appear from Figure 10 that after about 90 minutes 
the heat was lost to the surroundings. 

Figures 7, 8 and 9 represent temperature distribution 
in moistened beds of lactose. The temperature in the center 
of the bed was always lower than the temperature at the wall 
in both levels, in the uninsulated bed container (Figure 7). 

In the case of the resin-coated beds and the coated 
and insulated beds, the temperature at the wall was lower 
thanethatwat the center for™the first*two nourss sarrer 
which it started to level out with the center temperature. 
This could be due to the insulation of the bed which reduced 
heat loss to the surroundings. 

The surface thermocouple in Figure 7 apparently was 


misplaced, since it is obvious from the high starting 
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lab lenls 


Temperature Distribution in an Uninsulated 
Moistened Bed of Lactose Bp? 


(Readings Time cc 


Position in Powder Bed 


Time Bottom 
(Min) Side 1 Center 1 Side 2 Center 2 Surface Center 


——— SS 


0 AT PLS 24.3 2925 24.8 38.8 30% 0 
30 Show as, 34.8 SGey) Sone 43.8 34.0 
60 43.8 3.90 41.5 Bia aes Shee 
90 45.0 43.0 CO) 42.3 48.3 367.9 

20 45.8 44.2 44.5 43.4 48.5 he lege 
T50 46.4 44.7 45.0 44.2 48.7 40.2 
180 46.5 45.2 45.6 44.6 49.0 40.6 
210 46.6 45.5 45.8 44.8 49.4 41.3 
240 47.0 45.8 46.0 45.0 49.5 41.9 
270 47.2 45.8 46.2 45.5 49.5 42.3 
300 47.4 46.2 46.5 45.6 49.6 42.4 
320 Aas 2 46.2 46.5 45.6 49.6 43.0 
360 47.4 46.1 46.2 45.6 49.7 43.5 
32.0 47.6 46.4 46.6 Dm 1 49.8 4S 
420 Aid id 46.5 46.6 45.8 49.8 44.0 


Operating conditions were: Room temperature, SOSCs 
Tunnel temperature, 54°C + 1%; Air veloCcTtyy ii.e Tt/Sec; 
Moisture content, 23.8% 
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Table XI 


Temperature Distribution in a Moistened Lactose Bed 
Using a Container Coated with Epoxy Resin Only? 
(Readings in °C) 


Position in Powder Bed 


Time Bottom 
(Min) Side 1 Center 1 Side 2 Center 2 Surface Center 


0 Anes eae) (aE) Zone Zee ah 270 


30 tej e StS 34.5 34.5 0 eel SUR 
60 43.2 43.0 41.0 41.5 44.0 3470 
90 45.3 45.0 48 el eee) 46.0 20,0 
120 46.0 46.0 45.0 44.5 46.2 30RD 
150 46.3 46.1 45.6 45.6 46.6 41.0 
180 47.3 47.0 46.5 46.5 47.4 42.0 
18: 47.6 47.6 47.0 47.0 48.0 42.5 
240 48.4 48.0 47.3 47.5 48.5 42.6 
21) 48.4 48.5 AT &5 47.5 48.5 42.6 
300 48.5 48.5 47.6 47.5 48.6 42.6 
3.30 48.6 48.6 47.6 47.6 48.6 42.0 
360 48.6 48.7 47.8 47.7 49.0 42.8 
390 48.7 48.7 48.1] 48.1 49.0 43.1] 
420 48.9 48.8 48.2 48.2 49.1 43.3 


Operating conditions were: Room temperature, eae Cy 
Tunnel temperature, 54°C + 122 Bar velocity, 11a2 Tey sec; 
Moisture content, 23.8% 
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Table XIV 


Temperature Distribution in a Moistened 


Calcium Sulfate Dihydrate Bed? 
(Readings in °C) 


Position in Powder Bed 


Time Bottom 
(Min) Side 1 Center 1 Side 2 Center 2 Surface Center 


CT EEE 


0 28.0 25.0 29.0 25.9 25.3 28.0 
30 3770 2529 31.5 26.9 28.4 28.5 
60 34.5 S20 33.0 30.9 3S 29.0 
90 36.5 34.8 35.0 35.9 34.2 30.5 

120 Bs. 2 35.9 36.0 35.9 36.1 31.5 

150 eye 36.0 37.0 36.0 37.9 3285 

180 38.5 8733 38.2 36.9 39.8 Sa 

210 39.0 37.9 38.9 37.9 40.5 35.0 

240 39.6 some 39.5 ose" 41.5 35.9 

270 40.5 38.5 39.9 39.6 ee 36.0 

300 40.9 39.6 40.5 40.0 42.9 36.5 

330 41.6 41.0 40.9 40.4 43.4 S70 

360 42.5 42.0 41.0 40.8 43.8 37.5 

390 42.7 42.5 EY 41.5 44.8 38.0 

420 43.8 43.8 43.0 42.9 45.5 38.5 
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Operating conditions were: Room temperature, cous 
Tunnel temperature, 54°C + 1°; Air velocity, Hiv2 tty sence 
Moisture content, 40.0% 
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Temperature Distribution in a Moistened Lactose Bed 
Using an Uninsulated Container 
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Figure 8 


Temperature Distribution in a Moistened Lactose Bed 
Using Container Coated with Epoxy Resin 
and Insulated with Glass Wool 
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Temperature Distribution in a Moistened Lactose Bed 
Using Container Coated with Epoxy Resin Only 
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Distribution in a Moistened Lactose Bed 
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Figure 11 


Temperature Distribution in a Moistened 
Calcium Sulfate Dihydrate Bed Using 
Container Coated with Epoxy Resin Only 
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Figure iz 


Temperature Distribution in a Moistened 
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temperature that it was above the plane where vaporization 
took place. 

The temperature distribution in moistened beds of 
calcium sulfate dihydrate using resin coated containers is 
shown in Figures 11 and 12. A comparison of these values 
with those contained in Figure 9 indicates that the temper- 
ature in the calcium sulfate bed varied a great deal more 
than in a lactose bed. Also, the surface temperature in 
the calcium sulfate bed was lower than the temperature 
recorded at the different locations in the bed in the’ first 


hour of the drying process. 


Be SURyIngG Rate 


The results of four drying runs for beds of lactose 
and those of two runs for calcium sulfate are reported in 
the following pages. All runs were made under the same 
drying conditions. The air temperature was maintained at 
BA Cole Rwith atvelocity of 11.2 ft/sec, anderébative 


humudity of 40 percent. 


A. SDroytng Rate Curves 
The data obtained were collected and are presented 


in Tables XV - XX. These values were employed in the 
construction of moisture content versus time plots and 


drying rate curves (Figures 13 - 2 Ip) « 


The drying rate curves were obtained from the graph 


of moisture content versus time, by taking the difference 
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Table XV 


Percent Moisture in Damp Powder Beds 
of Lactose Versus Time? 


Percent Moisture Content Calculated 
on Basis of Dry Weight 


Time Run, I Run I] Run III Run IV Mean 
0 Min £3690 238 23800 23,45 237.0: 
ties Min 22.48 Zon OE EGealD (a Rays 22225 
30 Min 21.46 2184s 21.44 (aa ta a a bk 
45 Min 20.48 20.60 20.70 20.84 20565 
60 Min 19.84 19979 19.83 20.03 1S33/ 
75 Min 19507 e232 139210 19.41 19.18 
90 Min 18853 18.64 18.59 leme2 18.65 
105 Min Lox25 18.09 18.03 17.95 18.08 
120 Min 7 342 Wei)! 17.50 17.42 17.46 
135 Min 17.00 Tveey: 1719 Lg ke Tie 
150 Min T6463 16.66 16.66 Gee 7, 16.68 
ooo Man 16702 Témy Z 16.09 16.43 Te23 
180 Min oysters: 1603 T6203 ines A) ter02 
195 Min 1258 TSa6e bSe62 15.90 15270 
210 Min 15 S32 15426 joco 15.41 dine esa 
225 Min 14.89 14.96 14.92 15.09 14.97 
240 Min 14.66 14.88 14.80 14.74 Laer] 
255 Min 14.48 14.63 14.65 14.56 14.58 
2no Min 14.24 14532 14.30 14.20 14.28 
Zoos hin 14.02 14.07 14.10 ave 6 14.09 
300 Min 13-259 13 eh7 lee 14213 1535) 
Sloan 13250 132.600 13259 13 3G. t 1358 
aa0 Min 13.41 13 24h 13.41 13.42 heres 
345 Min 13.24 lo ee72 Te23 13229 (powers 
360 Min T2499 12597 12.98 Zs 6 wZs98 
375 Min i2eo2 12.88 V2 77. 1276 T2284 
390 Min P2470 12.63 12265 1220.0 AAPG 
405 Min P2050 12.40 12.42 12.40 12.43 
420 Min T2ntzo 12a20 HeeeeesS Le area zero 
24 Hr 10280 
74 Hr 5.74 
294 Hr 9.12 


ee 


Operating conditions were: Tunnel temperature, 
BAC 2b oe Arenal Leen) ee F.t/is ecw ReLative 
humidity, 40% 
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Table XVI 


Moisture Content? and Drying Rate in Beds of Peatocal 


Run I Run I1 

Time Percent Drying Rate Percent Drying Rate 
jigs 232 10 0.095 22. 50 0.077 
15 22.48 0.081 22.07 0.070 
30 21.46 0.062 21.48 0.052 
45 20.48 0.054 20.60 0.044 
60 19.84 0.046 ro. 49 0.043 
90 iseo9 0.040 18.04 0.036 
120 Ve eae 0.033 Ls 0.033 
150 16. 68 O;. 027 16.66 0.024 
180 15.283 02026 16,08 0.023 
210 15.32 0.020 15.26 0.020 
240 14.66 0.018 14.88 0.018 
270 14.24 0.016 14.32 0.6017 
300 13:59 0,018 is.77 0.015 
3a 13.41 0,014 13.47 0.013 
360 135,24 0.013 12.98 0.013 
390 12220 0.010 12,62 0.010 
405 12.50 0.008 12.40 0.008 


2 Moisture content was calculated on the basis of 
dry weight of lactose 


Operating conditons were: Tunnel temperature, 
Su°C + 1°: Air velocity, T1.z ft/sec. Relative 


humidity, 40% 
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Moisture Content? and Drying Rate in Beds of Lactose” 


Run III Run IV 
Time Percent Drying Rate Por coma) ina) pate 
(Min) Moisture (g/min) Moisture (g/min) 
Lo Zone 0.076 22.00 0.063 
15 Zen 0.068 Zon 0.053 
30 21.44 0.053 (a Weer 0.056 
45 2057 0 02 057 20.84 02050 
60 WE 83 0.050 20.03 0.046 
90 18e59 0.043 18.82 05039 
120 iWs-3 0 0.030 17.42 0203Z 
150 16.66 0.024 ho. 77 0.026 
180 16 03 07028 165 19 0,025 
ral 15.26 0. 023 15.41 O.022 
240 14.80 0.016 14.74 G2 020 
276 14.30 0.018 | 14.26 0.020 
300 Ds La he) 0.01% 14.18 0.016 
330 13.41 0.016 13.42 0.014 
360 12.98 0.012 12.9% 0.013 
390 Hie b'5 0.006 12.60 0.007 
405 12.42 0.007 12.40 0.005 


4 Moisture content was calculated on the basis of 
dry weight of lactose 


Operating conditions were: Tunnel temperature, 
54°C = 1°: Air velocity, 11.2 tTt/sec; Relative 


humidity, 40% 
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Table XVII 


Drying Rate of Lactose? 


Time Drying Rate /min) 
(Min) Mean” Range 
T.5 0.078 0.023 
15 0.069 0.023 
30 0.056 0.006 
45 0.051 0.013 
60 0.046 0.007 
90 0.039 0.007 
120 0)..03 0.003 
150 0.025 0.003 
180 0.023 0.002 
210 0.021 0.002 
240 0.018 0.004 
270 07 0.004 
300 0.015 0.001 
330 0.013 0.004 
360 0.013 0.001 
390 0.008 0.004 
405 0.007 0.003 


b 


Operating conditions were: 
Tunnel temperature, 54°C + 
Nit Verocity ss Vines escec, 
Relative humidity, 40% 


Mean of four runs 


lies 
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Table XVIII 


Drying Rate of Lactose - Values Obtained 
Using Method of Least Squares* 


Time Drying Rate (g/min) 
(Min) Mean Range 
0 0.074 0.022 
1) 0.068 O42 0R7 
30 0.062 02.012 
45 0.055 0.015 
60 0.048 0.002 
IBS 0.042 0.008 
90 0.039 0.007 
105 0.036 0.001 
120 0.033 0.002 
135 0.030 0.006 
150 0.025 0.007 
165 0.023 0.004 
180 0.022 0.003 
195 0.021 0.005 
210 0.023 0.005 
225 0.019 0.006 
240 0.014 0.004 
255 0.014 0.003 
270 0.085 0.007 
285 0.016 0.004 
300 0.015 0.001 
315 0.014 0.005 
330 0.073 0.008 
345 0.0} 0.002 
360 0.014 0.001 
390 0.013 0.001 


Operating conditions were: 
Tunnel temperature, 54°C + 1°; 
Ai veveloGitysoll.-2—ft7s-665 
Relative humidity, 40% 


b Mean of four runs 
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baple XIX 
Moisture Content Versus Time 


in Beds of Calcium Sulfate Dihydrate® 


9 


Taine % Moisture Content on Dry Basis 


(Min) Run J Run II Mean 
0 46.24 A550 45 07 
7*5 ee 44.20 44.80 

15 aoe 3) | 43.97 44,14 
30 Ae a2. 07 A250) 
45 40.33 39.83 40.08 
60 362010 37.97 38.06 
75 Sy) aa 6 a0 ws 26592 

90 36.07 65556 35882 
105 35206 34.39 Cy Be ae) 
120 34.34 33.04 33.84 
5 Sones S201 Biomac 
150 32.88 82.30) 32759 
165 CH sale) Siete 31.99 
ea) Silo 30.99 3) 947 
195 Se 30.28 30 os 
210 Be) 29.81 30.46 
225 30.5 | 29.50) 30.04 
240 30514 29.08 29.61 
255 29.75 29.98 295,37 
270 29.45 28. he 29.09 
285 29.15 28.61 VA hs ted 
300 28.88 2e.25 23057 
31/5 23.02 28.20 28.41 
330 20.24 28.00 28.12 
345 27.98 29 300 ZL AOZ 
360 27.80 24.00 21870 
SE) PAY Beg ate) ray fee 8) 21.40 
390 21 eeo 263.00 27.29 
405 CeO0 27.00 Ae OU 
420 26.80 26.90 26085 


¢ Operating conditions were: 
Tunnel temperature, ites led ee 
Aive velocity; lace tly sec, 
Relative humidity, 40% 
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Table XX 


Drying Rate in Beds 
of Calcium Sulfate Dihydrate® 


Drying Rate (g/min 


Time 
(Min) Mean Range 
7.5 0.126 0.013 
15 0.136 0.001 
30 0.129 0.005 
45 Dy 0.013 
60 0.103 0.008 
75 0.075 0.002 
90 0.061 0.015 
120 0.049 0.008 
150 0.040 0.000 
180 0.035 0.001 
210 0.029 0.001 
240 On027 0.001 
270 0.018 0.005 
300 014 0.008 
330 0.016 0.009 
360 0.015 0.001 
390 0.014 0.001 


Operating conditions were: 
Tunnel temperature, 54°C + 1°; 
Nudie Vie 10 Gal eVis 01h etna Gs 
Relative humidity, 40% 


b Mean of two determinations 
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Figure 13 


Percent Moisture Content (Mean of Four Determinations) 
Versus Time in a Lactose Bed 
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Percent Moisture Content Versus Time 
in a Lactose Bed 
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Figure 15 


Drying Rate (Mean of Four Determinations) 
Versus Time in a Lactose Bed 
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Figure 16 


Drying Rate Versus Moisture Content 
(Means of Four Determinations) 
in askactoserBed 
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Figure 17 


Drying Rate Versus Time in a Lactose Bed 
Using the Least Squares Method 
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Figure 18 


Log Drying Rate Versus Moisture Content 
in a Lactose Bed 
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Figure 19 


Percent Moisture Content (Mean of Two Determinations ) 
Versus Time in a Calcium Sulfate Dihydrate Bed 


a a 
Treo! ae ; 
' Par : - 
Slee” | ae " 7 
a - 7 mary 
7 > - 
- X. 


aealt? SM YTIIOINV AHA 
2°) tbe SMIT JSAMUT: 
OD Ho 


ofa 00€ OAC 08! 


(zeiunim) 3IMIT 


Ost 


Silage — 
a8 a sh ive aon v2 


(g/min) 


DRYING RATE 


0.12 


0.10 


0.08 


0.06 


0.04 


0.02 


84 
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Figure 20 


Drying Rate (Mean of Two Determinations) 
Versus Time in a Calcium Sulfate Dihydrate Bed 
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Log Drying Rate Versus Moisture Content 
in a Calcium Sulfate Dihydrate Bed 
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in the moisture content between any two measurements divided 
by the time period involved. This value was plotted against 
the mid-point of the time period for a drying rate versus 
time curve. 

This method of obtaining the drying rate curve has 
been used previously by Bartlett (6). However, Bartlett 
employed a technique requiring removal of the bed from the 
tunnel at three-minute intervals for weighing purposes. 

The weight difference was then divided by the time differ- 
ence to obtain a very smooth drying rate curve. 

Another method used in the calculation of the drying 
rate is by using the smoothing technique which involves the 
approximation of the tabulated data by a least-square fit 
of the data using a second degree polynomial expression. 

This method was used for the calculation of the 
dryifig'rate sof lactose.» Theeréesults calculated by this 
latter method are shown in Table XIX, and the curve plotted 
from these data is represented in Figure 17. 

Plotting the logarithm of the drying rate versus 
liquid content for both systems, lactose and calcium sulfate 
dihydrate, gave a linear plot once the constant rate period 
had elapsed, as shown in Figure 18 and Figure 21. This was 


noticed for the first time by Ridgway and Callow in 1967 
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9. Solute Migration 


A. Calibration Curve for Amaranth Solution 

The results of the absorbance of a series of ten 
amaranth solutions of increasing concentration measured at 
922.5 nm using 1 cm cell are reported in Table XXI. The 
plot of absorbance against concentration gave a rectilinear 
Curve over the range of 0.18 mg to 1.8 mg of amaranth per 
ml of solution, as shown in Figure 22. This indicates that 
Beer's law relationship is obeyed over this concentration 
range. 

The slope of the curve was found to be 3.783. This 
value was used to determine the concentration of the dye 
in different levels of the bed during migration due to the 
drying process. 
B. Determination of the Effect®of the.Presence 

of Lactose on the Absorbance of Amaranth 

A"1" test was applied to the data to determine 
whether the difference between two means is significant 
(mean absorbance of 0.0013% solution of amaranth in 
distilled water and in a 1% solution of lactose). The data 
presented in Table XXII were treated as unpaired data, and 


the difference was found to be insignificant. 


C. Stability of Amaranth Solution 


The results for the determination of the stability 


of amaranth are shown in Table XXIII. From these results 
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it was concluded that there was no effect on amaranth 
solution concentration due to heating or due to the presence 
or lactose. But there was @ little significant decrease in 
the amaranth solution concentration in the presence of 
calcium sulfate. This could be due to the adsorption of 


amaranth on the calcium sulfate dihydrate 


D. Solute Migration 


The results of the determination of migration of 
amaranth and moisture distribution in beds of lactose and 
calcium sulfate are shown in Tables XXIV and XXV. The mean 
value of three determinations of amaranth migration in 
lactose and calcium sulfate was plotted in Figures 23 and 
24. The results plotted in both figures represent the 
average concentration of amaranth and moisture at the 
different depths. 

These results indicated that amaranth dye migrated 
with the solvent to the surface of the bed mostly within 
the first hour of the drying period. After that there was 
little migration in both systems. 

It was noted that most of the dye was deposited in 
the top layer of the bed to a depth of 0.159 cm. At depths 
more than 0.317 cm from the surface the beds had a dye 
concentration less than that of the initial distribution. 

The curves of moisture distribution showed that the 
Variation of the moisture content within the beds seems 


similar, except after about one hour, when the calcium 
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sulfate bed seems to have dried to a greater depth than the 


lactose bed. 


E. Determination of the Migration of Amaranth 
in damp Beds of Lactose and Calcium Sulfate 


Tables XXIV and XXV show the extent of migration of 
amaranth and moisture distribution at different depths in 
beds of lactose and calcium sulfate after drying the beds 


for different lengths of time. 


~~ 


a om *. 
» «eee fet e as - 
gmsse bed sJetfue 


s ' - 
.bod s2otzef 
. 7 te ’ a te bs " 


att A se rr softentoa 
Seoson) 1G Zp 


to notisvetm to anedxs wild woe VXX: baw VIKK zatdet ‘an 


vt erdeah tasvstthb fe nodtudladerb svitetom bes done 5 


agent it. ng) tA 
an Lue im : 


abad add patyib vests sietive muyotes bes szosoel Yor 
-omtd to edipwal snanattib rs 


94 


Table XXIV 


Concentration of Amaranth and Moisture Distribution 
Versus Time in Damp Beds of Lactose 


Distance From Moistur Concentration 
Run Time Surface Content of Amaranth 
No. (Hr) (%) (%) (4%) 

] 0 7.14 14.000 0.028 
14.28 14.608 0.024 
Conor 14.890 0.024 
Sy Ala ie) 14.870 0.024 
ol. 7 | 14.860 One? 
100.00 14.990 0.028 
2 ] 7.14 67550 0.084 
TATZS 10.475 Onze 
COT Woe 0.020 
oy Gee he! 11.998 0.020 
8/71 i Sy her ge Cee We: 
100.00 H12885 0.018 
3 2 7.14 3.980 0.088 
14.28 8.360 0.024 
A oeasy | LOZ50 0.018 
57.14 9.900 Os 0117 
85+-/-1 10.800 0.018 
100.00 10.900 Oe 1s 
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Table XXIV. Goon t. 


Distance From Moisture Concentration 
Run Time Surface Contenta of Amaranth 
No. (Hr) (4%) (4%) (%) 
4 4 pes, 3.380 0.098 
14.28 8.101 0.024 
Ono? alee ty) OF 017 
deal! es ee 0.018 
Sh. 74 9.950 0.018 
100.00 92950 OF O'F6 
5 16 7.14 1.614 0.098 
14.28 Ine 28 0). 038 
yatsyene 2.869 Oe O12 
Sy ag | 3.440 Cen Ae) 
Baer | e950 0.009 
100.00 32950 0.010 
6 24 7.14 0.714 0-105 
14.28 12860 0.030 
CO / 2.600 0.007 
5 ate 2.742 0.007 
jlo me Al Ane he 0.006 
100.00 4.208 OOo; 


a,b Mean of three determinations. 
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Table XXV 


Concentration of Amaranth and Moisture Distribution 
Versus Time in Damp Beds of Calcium Sulfate 


Distance From Moisture Concentration 
Run Time Surface Content of Amaranth 
No. (Hr) (a (74) (%) 

] 0 7.14 14.582 ORO 
143238 14.704 OAp2s 
2807, 14.890 03020 
O7el4 ase 1G 0.020 
85.70 to 90 02017 
100.00 155660 0.019 
2 ] 7.14 6.954 03053 
14.28 cya 0.2025 
2D 7, Wiese 5 0.019 
oY fom 1175836 0.018 
85.70 9 OD 0.018 
100.00 11.998 O20T9 
3 2 7.14 4.250 0.054 
14.28 8.000 0.025 
Zoo 9.980 Oc008 
57.14 1570 0.018 
So270 10.980 Oe: lay 
100.00 11.000 0.018 
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Table XXV (cont. 


Distance From Moisture Concentration 
Run Time Surface Content? of Amaranth 
No. (Hr) (%) (%) (%) 

4 4 7.14 3.400 0.058 
i423 7.998 0.028 
CG. 0 8.780 0.020 
57. 14 9.900 0.015 
352970 sa | 02015 
100.00 9.951 0.021 
5 16 ea We iar 10n0) 0.058 
14.28 pBtheyt 0.027 
ZO 5) 2.190 0.0 k8 
bP 14 3.90 02017 
65.70 3.900 O:-@ 138 
100.00 34-980 O-017 
6 24 7.14 OF eo 19 OA G 
14.28 6°70 0503] 
26.57 2.000 OmGe2 
aware 3. 000 0.045 
85.70 3.860 0.015 
100.00 4.000 ORO 


ae ee 


a,b Mean of three determinations. 


cotta tdneadod 
id Fo. 


410.0 


7 
7 2 
ee ee ee ee ee nwa ee ee oe ee ee ee ene ewe ee ee ee - yo 
-_ a 
7 


820.0 
f50,0 
$$0.0 
270.0 
efo.,.0 
efo-0 


O0e.. 
vee. 


are. 
Ova. 
000. 
O00, 


ows So 


00.4 


5» 

a1 .% bS 

esa i 
v2.88 

bi .¥2e" ' 
ON. 28 

00 oF 


non veal 


AIR VELOCITY AVG. INITIAL CONC. OF 
11.2 ft/sec AMARANTH = 0.026 % 


TUNNEL TEMP 


PERCENT CONCENTRATION OF 
AMARANTH 


0 50 100 50 100 
PERCENT DISTANCE FROM THE SURFACE 


Figure Za 


Solute Migration and Moisture Distribution 
in Damp Beds of Lactose 
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Figure 23 (Continued) 
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Figure 24 


Solute Migration and Moisture Distribution 
in Damp Beds of Calcium Sulfate Dihydrate 
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In designing the project, emphasis was placed on the 


use of thermocouples to record the temperatures throughout 


the sample beds. As such, it was essential that accuracy 


of the thermocouples be verified. The emf values obtained 


from the calibration procedure were compared with the 


published data (38). No significant differences between 


the observed and the literature values were found for the 


thermocouples used in the present investigation. In fact, 


a straight line relationship was found when the emf values 


were plotted as a function of temperature. Calibration of 


the thermocouples was repeated a number 
study. No significant differences were 
observed values, indicating a sensitive 


ducible recording system. 


2. Effect of Conduction of Heat 
Along the Wire to the Junction 


Statistical analysis of the data 
IV and V showed that the heat conducted 
the junction was insignificant. On the 
results it was concluded that any error 


powder bed temperature recordings could 


of times during the 
obtained among the 


and highly repro- 


presented in Tables 
along the wire to 
bas .S.0 heariege 
involved in the 


be ignored. 
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3. Determination of Mean Air Velocit 


Through the Tunnel at Room Temperature 


From the results shown in Table VI, it may be seen 
that the use of the shaped baffle plate inserted between 
the fan and the tunnel produced a satisfactory air distri- 
bution through the cross-sectional area. It was found that 
the fan had to be left in operation for at least 30 minutes 
in order to stabilize air flow at the required velocity 
before starting the experiment. As a precautionary measure 
the air velocity determination was repeated at regular 


intervals to ensure reproducibility of the results. 


4. Temperature Distribution 


The results obtained for the temperature distribution 
in beds of lactose using different containers are shown in 
Figures 7, 8 and 9. A close study of these figures showed 
that further insulation of the bed with the glass wool had 
no significant effect on temperature distribution. For 
this reason it was felt that containers coated with epoxy 
resin alone would be satisfactory. 

The results obtained in beds of lactose and calcium 
sulfate showed that the temperature near the wall was 
consistently higher than that at the center of the bed at 
the same level. To account for this relationship, it was 
assumed that the surface of the bed acted as an excellent 
insulator while vaporization was occurring there, since 


most of the heat received from the air stream was used to 
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vaporize the water, which was then carried away by the air 
stream. 

Adams (7) suggested that the void fraction was 
greater near the smooth walls of the box. Therefore most 
of the air entering the lower depths of the bed probably 
flowed down the walls rather than through the center of 
the bed where the voids were slightly smaller. Adams 
postulated that this air became saturated near the surface 
of the bed and then passed down into the cooler depths 
causing condensation and release of the heat of vaporization 
in the bed near the walls. 

This concept did not seem to fully explain the 
results obtained in this study, probably because of the 
nature of the bed. The particles and voids involved are 
much smaller than those in Adams' work. Since the bed was 
a damp mass, it was thought that a thin layer of moisture 
may have existed in contact with the smooth inner walls of 
the cup. It was then assumed that most of the heat entering 
the lower layers of the bed would have a tendency to flow 
down the sides rather than through the center of the bed. 
Other factors were also thought to contribute to the higher 
temperature at the walls of the containers. One Oiece sic 
factors could be conduction through the wall of the sample 
container due to imperfect insulation. 

The bed material was considered to be composed of 


solid and void fractions. Heat transfer would then occur 
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in the bed by conduction in the solid and in the air-filled 
voids. Convection and radiation may also be operative in 
the voids. For small temperature differences, however, the 
effect of radiation would be small, and convection would be 
important only if the bed possessed a very open structure. 

This fact would suggest that heat transfer through 
the bed occurred mainly by conduction. The powder bed 
Started at almost a uniform temperature, and when it was 
subjected to the warm air flowing over the surface, a 
temperature gradient was set up. The bed surface then 
reached a higher temperature rapidly but layers at greater 
depths took longer to adjust. 

The surface temperature in the calcium sulfate bed 
attained the wet-bulb temperature with the heat transferred 
from the warm air and surroundings being used in evaporating 
water from the surface. However, as drying continued, the 
volume of water on the surface became so depleted that the 
surface no longer behaved as it did when thoroughly wet. 

In fact, the rate of evaporation decreased, and of course 
the rate of heat consumption was likewise decreased. This 
situation required a decrease in the temperature difference, 
Since the heat transfer coefficient and heat transfer area 
were the same. With constant air temperature this necessi- 
tated a rise in temperature at the surface. These results 
are in agreement with similar measurements reported by 


Nissan et al. (18,19,20), and Adams (7). 
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The temperature in different depths of the bed after 
the first falling rate period did not approach a uniform 
value (pseudo-wet-bulb temperature). This result disagreed 
with the findings of Nissan et al. (18) and Adams (7). 
Similarly, Park (40), in his work to establish the pseudo- 
wet-bulb temperature in different materials, claimed that 
the effect of this temperature in most of the systems 
examined was not as marked as in the work of Nissan et al. 
(18,19,20). However, it was thought that the moisture 
content in the system studied in the present investigation 
does not fall off as sharply as in the experiments treated 
by Nissan. As a result, vaporization would occur over a 
thicker region of the material. 

From the results of the temperature distribution 
study it was found that the surface temperature in lactose 
beds did not attain the wet-bulb temperature. This was 
thought to be due to the low initial moisture present in 
the bed. It was also found that a pseudo-wet-bulb tempera- 
ture did not become established through the bed. From the 
above results it was concluded that conditions needed to 


establish a pseudo-wet-bulb temperature in the bed were not 


achieved. 


5. Observation of Bed Surface After Drying 


After completion of drying runs using lactose and 


calcium sulfate, it was found that a crust had developed 
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on the lactose surface but not on the calcium sulfate 
Surface. Jit iwas thoughtethat the solubility of lactose 
in water promoted the crust formation on the surface. 


This will be discussed further under the heading "Drying 


Rate". 


6. Determination of the Permeability 
of the Bed Container to Water Vapor 


From Table VII it may be seen that the bed container 
used in the experiment was permeable to water vapor. Since 
the experiment in the present investigation was designed to 
expose only the upper surface of the bed for evaporation, 
it was thought that the use of epoxy resin might help to 
Overcome this problem. As is evident from the results 
presented in Table VII, the use of epoxy resin coating for 
the polystyrene cups used was successful in rendering them 


impermeable to water vapor. 


ye  OFTyiIng Rate 
From the results presented in Tables XV - XXII and 


Figures 12 - 24, it is seen that the drying cycle can be 
divided into two distinct zones, constant rate period and 
falling rate period. In the constant rate period, drying 
takes place from the exposed surface of the bed. In 
general, the rate of surface evaporation is determined by 
the rate of diffusion of water vapor through the stationary 


layer of air in contact with the bed. Tise dads non wis 
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proportional to the difference between the partial pressure 
of the water on the surface of the bed and that in the 
drying air. However, the rate of diffusion will increase 
with increased air velocity due to decreasing thickness of 
the air layer. The falling rate period is considered to 
be divisible into two secondary periods or zones, which may 
be termed the zone of unsaturated surface drying and the 
zone of internal liquid flow. The former follows 
immediately after the critical point; the decrease in the 
rate “of ‘drying in this ‘zone 1s “due to a ‘decrease “in “the 
area of the wetted surface of the material. The surface 
is no longer completely wetted, and the rate of evaporation 
per unit of total surface is thereby reduced. The mechanism 
of drying in this phase is essentially tne same as drying in 
the constant rate period, so that the rate is apparently 
independent of the thickness of the material being dried. 
During the zone of unsaturated surface drying, water 
dtfruses tothe surface "as*fast as it™is*evapordted Sand ett 
may be said that the resistance to internal liquid diffusion 
is small compared with the resistance to diffusion of vapor 
through the surface air film. The maximum rate of diffusion 
of water to the surface, however, decreases with the 
decrease in the water content of the material, so that a 
second critical point is reached beyond which the resistance 


to the internal liguid diffusion is greater than the surface 


resistance to the vapor removal. 
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During the second zone of the falling rate period, 
the rate of internal vapor diffusion and the rate of heat 
conduction controls the rate of drying. The drying rate 
curve of lactose and calcium sulfate in the falling rate 
period shows no evidence of a second critical point, as 
the points fall on a smooth curve of gradually decreasing 
Slope. This shape of the drying rate curve is obtained 
when internal liquid diffusion controls the rate of drying 
(14). The results obtained therefore suggest that internal 
diffusion of the moisture through the solid was a controlling 
factor during the later stages of drying for both the 
lactose and calcium sulfate systems. However, it was 
thought that in the first part of the falling rate period 
in the lactose drying rate curve (Figure 15), evaporation 
was primarily a surface phenomenon. This concept was 
supported by the results presented in Table XXIII on solute 
migration in beds of lactose. It also agreed with the 
results obtained by Ridgway and Callow (21). The lactose 
drying rate curve did not show a constant rate period. This 
was attributed to the low initial moisture content of the 
bed. It was found that the rate of drying of calcium 
sulfate dropped by almost 50% at the end of the constant 
rate period. The formation of a crust on the surface of 
lactose early in the drying process was at first thought 
to produce a delay in the drying of the system, but results 


failed to support this idea. Data presented in Table XVI 
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and Figure 14 record the drying of a lactose bed over a 
period of 294 hours. These results showed that the amount 
of moisture present in the bed was equal to its equilibrium 
moisture content (EMC). This was consistent with the fact 
that anhydrous air was not used to dry the beds. It has 
been suggested that some of the nonporous solids generally 
Show relatively low EMC over a wide range of relative 
humidities. For example, Scott, Liberman and Chow (39) 
Showed that the final moisture content of a placebo granu- 
lation consisting of 85% lactose, after wet granulation 
with water, was not affected by a decrease from 70% to 30% 
in the relative humidity of the drying air. Using the 
method of least squares for calculating the drying rate of 
lactose as shown in Table XIX did not improve the drying 
rate curve, particularly in the final stages of the drying 
process when the drying rate was fairly low. 

Examination of Figures 23 and 24 showed that at one 
hour drying time the calcium sulfate bed seemed to have 
dried to greater depths compared with the lactose bed. 
This could also be due to the difference in particle size 
as well as difference in void fraction in the two beds. 

It was believed that the voids in the calcium sulfate beds 


were larger than the voids in the lactose beds. 


Plotting the logarithm of the drying rate against 
liquid content gave a linear plot once the constant rate 


period had elapsed. This has been noticed in both systems, 
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lactose and calcium sulfate (Figures 18 and Pty = ‘A similar 
finding was obtained by Ridgway and Callow in 1967 (213 
It was found from the data for moisture distribution 


as presented in Figures 23 and 24, that evaporation in situ 


was the operative mechanism in the systems involved in this 
Study. This mechanism is different from that operating in 
the system studied by Ridgway and Callow. Their mathe- 
matical analysis for this relationship seemed to agree with 
the mechanism operating in the system they examined. How- 
ever, their theoretical treatment was not confirmed experi- 
mentally. Further, they did not mention in their study 
that this relationship would not hold if the drying mecha- 


nism were different from the one operating in their system. 


8. Calibration Curve for Amaranth Solution 

In terms of absorbance, a linear relationship was 
found to exist over the concentration range of 0.18-1.80 mg 
of amaranth per ml. Repeated testing during the course of 
the experimental work confirmed the stability of the 


amaranth color. 


9. Stability and the Effect of the Presence of Lactose 

5a Terie Sulfate on the Absorbance of Amaranth 
From Table XXIII it was found that the heating and 

the presence of lactose with amaranth did not interfere 
with the measurement of the concentration of the dye. On 


the other hand, the presence of calcium sulfate in 
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combination with amaranth resulted in a decrease in the 
initial concentration of the amaranth solution used. It 
was thought that since amaranth is a water-soluble dye, 
the decrease in its concentration was probably due to its 
adsorption on calcium sulfate. In other words, calcium 
sulfate had an ability to adsorb some of the dye to a 


measurable extent. 


10... Solute Migration 


An examination of Figures 23 and 24 shows the 
migration of amaranth in beds of lactose and calcium sulfate. 
It is evident that the maximum migration of the dye to the 
upper layer of the bed took place in the early stages of 
the drying period. Later there was only a little migration 
in either system. The continuous increase in the concen- 
tration of the dye at the surface of the bed suggested that 
any back diffusion due to the concentration gradient was 
small compared with the forward flow of the solution during 
the drying process. This did not agree with the data for 
PVP as reported by Ridgway and Rubinstein (27). It was 
thought that the method of back diffusion depends upon 
arresting drying at the stage when liquid movement ceases, 
then sufficient time is allowed for the solute to redistri- 
bute itself by diffusion. The drying process is then 
carried to completion. Quantitative analysis of tne lconcen= 


tration of amaranth in beds of lactose and calcium sulfate 
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Showed that the concentration of amaranth at the surface 

of the calcium sulfate bed was less than that on the surface 
of a lactose bed. The degree to which color migration 
occurs in granulations is said to depend on several factors, 
e.g. the water solubility of the dye, the drying conditions 
under which the granulation is dried, and the excipients 
present (41,42). Therefore, since the solubility of the 

dye and the drying conditions of the experiment were 
constant, it was concluded that the migration of the 
amaranth was a function of the system and, in fact, was 
characteristic of each solid involved. This argument could 
be supported by the results shown in Table XXIII, which 
Showed the ability of calcium sulfate to adsorb amaranth 

to a small but measurable extent. This affinity of calcium 
sulfate or any other substrate toward the dye or a drug 
substance has been confirmed by Chaudry and King (28), 
Robert E. King (41) and Jaffe and Lippmann (42). 

An approach for explaining the migration of amaranth 
in both systems (lactose and calcium sulfate) could be 
reached by reference to liquid and vapor migration during 
the drying process. First consider what happened in the 
upper half of the bed. As the moisture content decreased 
from its initial values corresponding with those of constant 
and first falling rate periods, liquid moved to the surface 
and evaporated. As the moisture content further decreased 


to a point to correspond to that during the second falling 
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rate period, pendular liquid vaporized in situ. As the 


moisture content decreased further, the moisture movement 
was insignificant as shown by the moisture distribution 
as well as the dye measurement at this zone. 

From the results presented in Figure 23 a small 
difference was noticed in amaranth concentration between 
16 and 24 hours at the top of the lactose bed. However, 
this increase was very small and could be attributed to 
experimental error. 

Now consider the lower half of the bed. By the time 
the critical point was reached, some liquid had already 
been removed from the base of the bed, probably by capillary 
movement. 

The concentration of the dye present in this zone 
indicated that initially only a small part of the total 
vaporization took place here. 

The uniform but slow reduction in moisture content 
and dye concentration in the lower part of the bed during 
the later stages of drying indicated that some capillary 
flow of liquid toward the surface was taking place. It was 
initially thought that evaporation was taking place at a 
uniform rate in this zone, but this mechanism was rejected 
because of the differences in temperature (5 - 8°C) between 
top and bottom of the zone and the consequent differences 


in driving force for evaporation. 
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SUMMARY 


Drying conditions under which the experiments were run 


were established. 


Temperature distribution curves were established for 
both lactose and calcium sulfate. From these measure- 
ments it was found that the temperature varied to a 
greater extent in the calcium sulfate bed than in the 


lactose bed. 


Drying rate curves were constructed for both systems 
after drying the beds under constant drying conditions. 
No clear distinction between the first and second 


falling rate periods was observed. 


A technique was developed for sectioning the powder bed 
by using a lathe milling machine. The developement of 
technique helped in the determination of the moisture 
content and solute migration at different depths of 


the bed. 


Moisture distribution through the bed at different 
depths was determined gravimetrically. These results 
showed that capillary movement was the operative mecha- 
nism in the early stages of drying. It was also found 
that evaporation of water within the bed was operative 
in the latter stages of drying. Because of the 


different mechanisms operating at different depths of 
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the bed at different times, simple analysis of the 


drying mechanism was not possible. 


A sample changer unit integrated with the sp600 
spectrophotometer was used for the quantitative analysis 
of the migrated amaranth through the bed. The results 
Showed that migration occurred in both systems in the 
early stages of the drying process. It also confirmed 


the capillary movement at these stages. 
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